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Symptomatic treatment of individuals with Parkinson\'s disease (PD) includes dopamine (DA) replacement therapies, with the DA precursor, levodopa, being the gold standard. Long‐term levodopa therapy is associated with motor complications including levodopa‐induced dyskinesias (LID) that often negatively impact the quality of life of those afflicted. Although there are varying accounts of the occurrence, LIDs are estimated to occur in roughly 50% of PD patients after approximately 3‐5 years of treatment, with the incidence escalating to approximately 90% after 10‐15 years.[1](#mds27695-bib-0001){ref-type="ref"}, [2](#mds27695-bib-0002){ref-type="ref"} Maintaining motor benefits of therapy while avoiding this often debilitating side effect remains an unmet clinical need.

Central to the biology of LIDs are changes in synaptic plasticity associated with striatal medium spiny neurons (MSNs), critical targets of convergent cortical glutamate and nigrostriatal DA input. MSNs, which constitute approximately 95% of striatal neurons, express both CaV1.3 and CaV1.2 voltage‐gated L‐type calcium channels. In PD and animal models of PD, striatal DA depletion results in loss of dendritic spines on MSNs,[3](#mds27695-bib-0003){ref-type="ref"}, [4](#mds27695-bib-0004){ref-type="ref"}, [5](#mds27695-bib-0005){ref-type="ref"}, [6](#mds27695-bib-0006){ref-type="ref"}, [7](#mds27695-bib-0007){ref-type="ref"}, [8](#mds27695-bib-0008){ref-type="ref"}, [9](#mds27695-bib-0009){ref-type="ref"}, [10](#mds27695-bib-0010){ref-type="ref"} an aberrant feature accompanied by secondary loss of glutamate synapses from corticostriatal projections.[3](#mds27695-bib-0003){ref-type="ref"}, [5](#mds27695-bib-0005){ref-type="ref"}, [6](#mds27695-bib-0006){ref-type="ref"}, [7](#mds27695-bib-0007){ref-type="ref"}, [10](#mds27695-bib-0010){ref-type="ref"}, [11](#mds27695-bib-0011){ref-type="ref"} Introduction of levodopa in this environment results in restoration of dendritic spines[12](#mds27695-bib-0012){ref-type="ref"} and reestablishment of glutamate input, but in an aberrant pattern of apparent "miswiring."[5](#mds27695-bib-0005){ref-type="ref"}, [8](#mds27695-bib-0008){ref-type="ref"}, [10](#mds27695-bib-0010){ref-type="ref"}, [13](#mds27695-bib-0013){ref-type="ref"}

Retraction of dendritic spines on MSNs associated with loss of striatal DA has been linked to dysregulation of intraspinous CaV1.3 channels.[3](#mds27695-bib-0003){ref-type="ref"} Blockade of these channels with CaV1.2/1.3 channel antagonists (ie, nimodipine, isradipine) prevents spine retraction despite severe loss of DA in the parkinsonian striatum.[9](#mds27695-bib-0009){ref-type="ref"}, [14](#mds27695-bib-0014){ref-type="ref"} As such, it has been hypothesized that preventing initial spine loss and associated synaptopathology in PD and models of PD may prevent abnormal rewiring of glutamate inputs and diminish liability for LID despite loss of DA. Indeed, we[9](#mds27695-bib-0009){ref-type="ref"} and others[14](#mds27695-bib-0014){ref-type="ref"} have shown that CaV1.2/1.3 channel antagonists can prevent induction of LID produced by low‐dose levodopa (6 mg/kg^14^) and high‐dose levodopa (12.5 mg/kg^9^); however, this effect is partial and lost over time, and this paradigm is incapable of reversing established LID.[14](#mds27695-bib-0014){ref-type="ref"} The transient nature of the antidyskinetic effect of currently available CaV1.3 antagonists is speculated to be because of pharmacologic limitations of these drugs, including lack of specificity and potency for CaV1.3 channels.[15](#mds27695-bib-0015){ref-type="ref"}, [16](#mds27695-bib-0016){ref-type="ref"}

To provide the first unequivocal proof‐of‐principle evidence, devoid of pharmacological limitations, on the ability of CaV1.3 silencing to provide meaningful and lasting functional protection against LID, we developed a recombinant adeno‐associated virus (rAAV)‐mediated short hairpin RNA (shRNA) to provide continuous, high‐potency, and target‐selective mRNA‐level silencing of striatal CaV1.3 channels. We present here functional data demonstrating that delivery of rAAV‐CaV1.3‐shRNA to the DA‐depleted striatum of unilaterally parkinsonian rats prior to the introduction of levodopa provides robust and lasting prevention of LIDs and, to a lesser extent, also can reverse LID in parkinsonian rats with established severe LID behavior.

Methods {#mds27695-sec-0006}
=======

Experimental Subjects {#mds27695-sec-0007}
---------------------

All procedures were performed on adult male Sprague‐Dawley (SD) rats (250 g; Envigo RMS Inc., Indianapolis, IN) in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care International guidelines and following approval of the Michigan State University Institutional Animal Care and Use Committee.

Vector Design and Production {#mds27695-sec-0008}
----------------------------

Portions of the CaV1.3 gene (*Cacna1d*) were cloned from rat cDNA and sequenced. shRNA sequences (CaV1.3 \[5′‐GAAGAGGCGCGGCCAAGAC‐3′\] or scrambled \[5′‐CAACAAGATGAAGAGCACC‐3′\]) were designed using standard algorithms as described previously[17](#mds27695-bib-0017){ref-type="ref"} and compared against available rat genome data to ensure specificity. Particular attention was paid to ensure that the shRNA contained negligible overlap with CaV1.2. Then shRNA was cloned into a rAAV genome under control of the H1 promoter. The same genome contained green fluorescent protein (GFP) under control of the hybrid chicken b‐actin/cytomegalovirus promoter as a transduction marker.[17](#mds27695-bib-0017){ref-type="ref"}

The rAAV was packaged as described previously[18](#mds27695-bib-0018){ref-type="ref"} into AAV9 capsids using triple transfection in HEK293T cells. Viral capsids were purified using an iodixanol step gradient and concentrated using buffer exchange. Virus titers were determined using dot‐blot and normalized to 1 × 10^13^ vector genomes (vg)/mL.[19](#mds27695-bib-0019){ref-type="ref"}

Dyskinesia Rating {#mds27695-sec-0009}
-----------------

LIDs refer here to abnormal involuntary behaviors including dystonia, hyperkinesia, and/or stereotypies noted in the presence of levodopa in parkinsonian rats. Injections were administered to allow assessment of LID behaviors for 1 minute every 30 minutes beginning 20 minutes after injection and continued up to 170 or 200 minutes. Rats were randomized and rated by the same blinded investigator throughout the experiment. Each rat was given a total LID severity score for each point assessed based on a rating system developed with a clinical movement disorders specialist (R.K.[20](#mds27695-bib-0020){ref-type="ref"}) as previously detailed.[20](#mds27695-bib-0020){ref-type="ref"}, [21](#mds27695-bib-0021){ref-type="ref"}

LID Prevention Studies {#mds27695-sec-0010}
----------------------

All stereotaxic surgeries (prevention and reversibility studies) were performed as previously detailed.[22](#mds27695-bib-0022){ref-type="ref"} To test the hypothesis that shRNA‐mediated silencing of striatal CaV1.3 channels prior to levodopa would prevent the development and provide sustained amelioration of LIDs, rats received unilateral injections of either rAAV‐CaV1.3‐shRNA or the control rAAV‐Scrambled (Scr)‐shRNA (1.0 × 10^13^ vg/mL) into 2 dorsolateral sites within the left striatum (AP0.0, ML+3.0, DV‐5.2; and AP+1.6, ML+2.7, DV‐4.9). Vector surgery preceded by 1 week 6‐hydroxydopamine (6‐OHDA) neurotoxin surgery used to induce unilateral parkinsonism (Fig. [1](#mds27695-fig-0001){ref-type="fig"}A). Parkinsonism was induced using stereotaxic injection of 6‐OHDA into substantia nigra (SN) and medial forebrain bundle per our usual protocol.[10](#mds27695-bib-0010){ref-type="ref"}, [23](#mds27695-bib-0023){ref-type="ref"} Vector delivery prior to 6‐OHDA was used to minimize spine loss associated with CaV1.3 dysregulation, which occurs secondary to striatal DA depletion. However, because AAV is retrogradely transported to nigral DA neurons in which CaV1.3 silencing could interfere with 6‐OHDA‐induced cell death,[24](#mds27695-bib-0024){ref-type="ref"} timing for these proof‐of‐principle experiments was systematically worked out in pilot feasibility studies. Three weeks following 6‐OHDA (4 weeks postvector surgery), rats began receiving daily levodopa injections given at escalating doses ranging from low (6 mg/kg) to moderate (9 mg/kg) to high (12 mg/kg) to what is referred to here as "extreme" (18 mg/kg); see Figure [1](#mds27695-fig-0001){ref-type="fig"}A. Each dose was given daily (Monday through Friday) for 2 weeks with a constant dose of carbidopa (12 mg/kg), a peripheral decarboxylase inhibitor. LID behaviors were rated on days 1, 6, and 10 of each dose.

![LID prevention study. (A) Treatment timeline. (B) Peak dose LID severity (80 minutes postlevodopa) across time and doses. (C) Daily time course (20‐170/200 minutes postlevodopa). For each dose and day, the [top graphs]{.ul} reflect mean ± SEM; bottom graphs show individual subject responses over time. Statistics: Friedman and Kruskal‐Wallis tests with Dunn\'s multiple‐comparison post hoc as shown in graphs. Scr, rAAV‐Scrambled‐shRNA (n = 7); CaV, rAAV‐CaV1.3‐shRNA (n = 10). \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MDS-34-697-g001){#mds27695-fig-0001}

LID Reversibility Studies {#mds27695-sec-0011}
-------------------------

To test the hypothesis that in rats with established LID behaviors, ameliorating dysfunctional calcium signaling in an environment of established "miswiring" would lessen LIDs, rats were first rendered unilaterally parkinsonian per referenes 10 and 23. As depicted in Figure [2](#mds27695-fig-0002){ref-type="fig"}A, [3](#mds27695-fig-0003){ref-type="fig"} weeks after 6‐OHDA rats began receiving daily high‐dose levodopa (12 mg/kg, Monday through Friday; levodopa:carbidopa 1:1). After 3 weeks of treatment, all rats exhibiting stable, high levels of LIDs were assigned to either a rAAV‐CaV1.3‐shRNA or control rAAV‐Scr‐shRNA group. Groups were assigned to ensure the average peak‐dose LID severity between groups was not different. Vector surgeries were identical to those for the LID prevention study.

![LID reversibility study. (A) Treatment timeline. (B) Peak‐dose LID severity (80 minutes postlevodopa) across time. (C) Daily time course of LID behavior ranging from 20 to 200 minutes postlevodopa on each rating day. (D) Individual attributes of LID. As seen in this depiction of peak LID behaviors on day 53 postvector, the impact of CaV1.3 channel silencing appears to uniformly reduce all aspects of LID and is not selective on any particular attribute. As shown in the timeline, (A) all rats received daily high‐dose (12 mg/kg) levodopa at all times indicated. Data represent the mean ± SEM. Statistics: Kruskal‐Wallis tests with Dunn\'s multiple‐comparison post hoc as shown in graphs. LD, levodopa**;** Scr, rAAV‐Scrambled‐shRNA (n = 12); CaV, rAAV‐CaV1.3‐shRNA (n = 11). \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MDS-34-697-g002){#mds27695-fig-0002}

![Motor response to low‐dose (6 mg/kg) levodopa**.** Data represent total number of rears (A, B) or rotations (C, D) over a 5‐minute test period, prior to or beginning 50 minutes after levodopa. Behavioral responses were examined in all subjects in the LID prevention study ('prevent LID'; A, C) and the LID reversibility study ('reverse LID'; B, D). Statistics: 2‐way ANOVA with post hoc Sidak\'s multiple‐comparisons test as shown in the graphs; additional comparisons are provided in the Results section. Pre‐LD, prelevodopa; post‐LD, postlevodopa; Scr, rAAV‐Scrambled‐shRNA; CaV, rAAV‐CaV1.3‐shRNA. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MDS-34-697-g003){#mds27695-fig-0003}

Cylinder Motor Test {#mds27695-sec-0012}
-------------------

A modified cylinder task was used to examine motor response in the absence of drug (prelevodopa \[pre‐LD\]) and in response to low‐dose levodopa (6 mg/kg; 12 mg/kg benserazide) in all rats in both prevention and reversibility studies. Rats were placed in a clear plexiglass cylinder (16 cm in diameter, 25 cm in height) and videotaped for 5 minutes prior to and again 50 mins postlevodopa injection. The number of 360° rotations and rears were quantified by a blinded investigator.

Euthanasia {#mds27695-sec-0013}
----------

One day after the final LID behavioral rating, rats were administered a final dose of levodopa (12 mg/kg), LID‐rated, and videotaped 50 minutes postinjection and subsequently euthanized per our usual protocol.[10](#mds27695-bib-0010){ref-type="ref"}, [25](#mds27695-bib-0025){ref-type="ref"}

TH, GFP, and NeuN Immunohistochemistry {#mds27695-sec-0014}
--------------------------------------

All postmortem analyses were done by blinded investigators. To examine nigral lesion status, region of vector transduction, and lack of striatal neuron toxicity, individual series (1 in 6) of sections (40‐μm thickness) were processed for tyrosine hydroxylase (TH; Millipore‐AB152b rabbit anti‐TH, 1:4000), GFP (Millipore‐Ab290 rabbit anti‐GFP, 1:20,000), or neuronal nuclei protein (NeuN; pan‐neuronal marker of mature neurons; Millipore‐Mab377, 1:1000) immunochemistry (IHC) per our previously reported methods (TH,[23](#mds27695-bib-0023){ref-type="ref"} GFP,[18](#mds27695-bib-0018){ref-type="ref"} NeuN[26](#mds27695-bib-0026){ref-type="ref"}).

The degree of nigral DA neuron depletion in each animal was confirmed by total enumeration of TH‐positive neurons.[27](#mds27695-bib-0027){ref-type="ref"} Nigral TH neuron loss of ≥95% in the lesioned hemisphere compared with the unlesioned hemisphere was used as a final inclusion criterion. This magnitude of SN DA neuron depletion is required in this model to produce reliable LIDs.[9](#mds27695-bib-0009){ref-type="ref"}, [21](#mds27695-bib-0021){ref-type="ref"}, [23](#mds27695-bib-0023){ref-type="ref"}, [28](#mds27695-bib-0028){ref-type="ref"}, [29](#mds27695-bib-0029){ref-type="ref"}

The striatal volume of vector transduction in GFP‐immunostained sections was determined with the Cavalieri estimator using StereoInvestigator software (MicroBrightField, Williston, VT). Briefly, contours were defined for both the striatum and striatal region of GFP immunoreactivity. The outlines of each structure were traced at 1× in approximately 6 coronal sections along the entire rostral‐caudal extent of the striatum.

Prior to undertaking our functional studies, a small cohort of rats received either rAAV‐CaV1.3‐shRNA (n = 4) or rAAV‐Scr‐shRNA (n = 4, as described above) to ensure the absence of nonspecific shRNA or GFP‐associated toxicity.[30](#mds27695-bib-0030){ref-type="ref"}, [31](#mds27695-bib-0031){ref-type="ref"} The number of NeuN+ cells was quantified in the GFP+ region of striatum employing stereological techniques according to our previously reported method.[26](#mds27695-bib-0026){ref-type="ref"}

CaV Knockdown Analyses {#mds27695-sec-0015}
----------------------

To determine degree and specificity of knockdown of the *CaV1.3* transcript in the presence of our vectors, we employed tissue from animals in the LID prevention study. The relative abundance of CaV1.3 and CaV1.2 transcripts was quantified in the dorsolateral striatum using commercially available RNAscope in situ hybridization (ISH) (ACD, Newark, CA) probes generated against *CaV1.3* (*cacna1d*, NM_017298.1, nucleotides 5401‐6474) and *CaV1.2* (*Cacna1c*, NM_012517.2, nucleotides 5183‐6142). To estimate degree of CaV1.3 protein knockdown, dual‐label CaV1.3 (Santa Cruz SC‐515679, L‐type‐Ca^2+^CPα1D \[CACNA1D\] mouse anti‐cav, 1:600) plus GFP IHC, and confocal microscopy was employed in a random subset of rats in which transcript was measured (n = 4 rAAV‐CaV1.3‐shRNA, n = 4 rAAV‐Scr‐shRNA).

For RNAscope ISH, 3 images in the GFP+ dorsolateral vector‐injected or noninjected striatum were acquired on an OlympusBX51 light microscope at 20×. For dual‐label IHC, 2 images in the vector‐injected or noninjected striatum in the same general striatal regions as the ISH micrographs were acquired at 20× on a Nikon ElipseTi confocal using NIS Elements. The CaV immunoreactive ISH signal, which is sensitive enough to detect single transcripts, or CaV1.3 immunostaining analyses were performed using ImageJ software (NIH) using the threshold function. All microscope and camera settings were identical for all images within a given transcript or antibody. Data are represented as mean area or percent total area above the threshold. *CaV1.3* transcript silencing is expressed as relative level of transcript in the rAAV‐CaV‐shRNA versus rAAV‐Scr‐shRNA striatum.

Statistical Analyses {#mds27695-sec-0016}
--------------------

All LID behavioral data were analyzed with nonparametric statistics (Freidman \[FM\] or Kruskal‐Wallis \[H\] with Dunn\'s multiple‐comparisons test). Percent nigral lesion comparisons was analyzed with a nonparametric Mann‐Whitney test. *CaV1.3* mRNA expression in the rAAV‐CaV‐shRNA versus rAAV‐Scr‐shRNA striatum was compared using an unpaired, 2‐tailed *t* test. Statistical evaluation of *CaV1.2* mRNA expression in the injected and noninjected striata of rAAV‐CaV‐shRNA and rAAV‐Scr‐shRNA was done using 1‐way ANOVA with Tukey\'s multiple‐comparisons post hoc test. Nonparametric Spearman correlation test was used for correlation of LID severity with *CaV1.3* levels. We[10](#mds27695-bib-0010){ref-type="ref"} and others[32](#mds27695-bib-0032){ref-type="ref"} have previously reported that in the outbred SD rat strain there is a small subset (15%‐20%) of subjects that despite having an equal degree of striatal DA depletion and levodopa treatment remains resistant to LID. We characterize these rats as LID negative and having a peak LID severity of ≤3.0. In the LID prevention study we identified 2 statistical outliers in the rAAV‐Scr‐shRNA group, verified with the ROUT method (robust regression and outlier removal test; 3‐step test automated within Prism; suggested Q coefficient detects outliers with false discovery rate \<1%) and having a cumulative mean (across all 4 doses of levodopa) of 0.5 ± 0.3 and 2.5 ± 0.5; these 2 rats were omitted from final LID analyses. In addition, 1 rat in the AAV‐CaV1.3‐shRNA group in the LID prevention study was not adequately lesioned (ie, 21.6%) and was excluded from final behavioral analyses. Final subject numbers for the LID prevention study were: rAAV‐CaV1.3‐shRNA, n = 10; rAAV‐Scr‐shRNA, n = 7; for the LID reversibility study were: rAAV‐CaV1.3‐shRNA, n = 11; rAAV‐Scr‐shRNA, n = 12. All analyses were performed with Prism GraphPad.v7 for MacOSX.

Results {#mds27695-sec-0017}
=======

Striatal rAAV‐CaV1.3‐shRNA Potently Prevents Induction of LID {#mds27695-sec-0018}
-------------------------------------------------------------

Levodopa was administered using a dose‐escalation paradigm beginning 4 weeks postvector (3 weeks post‐6OHDA; Fig. [1](#mds27695-fig-0001){ref-type="fig"}A). As demonstrated in Figure [1](#mds27695-fig-0001){ref-type="fig"}B, rats receiving the control rAAV‐Scr‐shRNA displayed a typical escalation in LID severity over time that remained stable and severe with increasing doses of levodopa (Scr \[black line\]: day 1, 6 mg/kg versus day 6, 10‐12 and 10‐18 mg/kg; FM, 39.63; *P* = 0.0002; Dunn\'s post hoc *P ≤* 0.0326; Fig. [1](#mds27695-fig-0001){ref-type="fig"}B). In contrast, rats treated with rAAV‐CaV1.3‐shRNA showed significant suppression of the development of LIDs compared with rAAV‐Scr‐shRNA rats (red lines, CaV; Fig. [1](#mds27695-fig-0001){ref-type="fig"}B,C). This notable prevention of LID escalation continued to persist as a near‐complete absence of dyskinetic behavior in the rAAV‐CaV‐shRNA rats, which showed a significant difference from control rAAV‐Scr‐shRNA rats beginning on day 1 of 9 mg/kg levodopa (H, 159.6; *P* \< 0.0001; Dunn\'s post hoc: Scr vs CaV, 50 minutes; *P* = 0.0027; Scr vs CaV, 80 minutes; *P* = 0.0010; Scr vs CaV, 110 minutes; *P* = 0.0109). This potent antidyskinetic effect was noted in all rAAV‐CaV‐shRNA parkinsonian rats despite continuing elevation in dose of levodopa over 2 months (Fig. [1](#mds27695-fig-0001){ref-type="fig"}C, lower graphs illustrate uniform individual subject responses; detailed statistics provided for each day/dose in figure legends).

Quantification of TH‐positive SN DA neuron loss revealed equivalent ≥95% depletion in both CaV and Scr groups (CaV, 98.6% ± 0.5%; Scr, 98.3% ± 0.5%; TH‐positive cell loss compared with intact side; mean ± SEM; *P* = 0.7642 Mann‐Whitney *U* test).

Striatal rAAV‐CaV1.3‐shRNA Partially Reverses Established, Severe LID {#mds27695-sec-0019}
---------------------------------------------------------------------

To examine whether striatal CaV1.3 silencing would impact expression of established LIDs, parkinsonian rats received chronic high‐dose levodopa (12 mg/kg) for 3 weeks prior to receiving an intrastriatal injection of either rAAV‐CaV1.3‐shRNA or control rAAV‐Scr‐shRNA vector (Fig. [2](#mds27695-fig-0002){ref-type="fig"}A). Groups were balanced to ensure that the average peak‐dose LID severity between the groups did not differ (Mann‐Whitney, 2‐tailed, *P* = 0.6631; *U* = 53.50; mean rAAV‐CaV1.3, 22.8 ± 0.7; rAAV‐Scr, 23.2 ± 1.3; median rAAV‐CaV1.3, 23; rAAV‐Scr, 24).

As depicted in Figure [2](#mds27695-fig-0002){ref-type="fig"}B,C, rAAV‐mediated CaV1.3 silencing in parkinsonian rats with established high‐level LIDs can result in progressive and significant amelioration of existing LIDs. Specifically, the ability of CaV1.3 silencing to reverse peak‐dose LIDs showed a nonsignificant trend of decreasing LID severity in the rAAV‐CaV1.3‐shRNA group (Fig. [2](#mds27695-fig-0002){ref-type="fig"}B,C) compared with the rAAV‐Scr‐shRNA group beginning on day 20 postvector. This trend continued to be nonsignificant through day 25. As such, we examined whether a short, 5‐day withdrawal of levodopa (ie, "drug holiday"), once popular for improving patient response to levodopa including potentially decreasing LIDs,[33](#mds27695-bib-0033){ref-type="ref"}, [34](#mds27695-bib-0034){ref-type="ref"} would provide an environment in which vector‐mediated reduction in aberrant calcium signaling might translate into reduction of LIDs.

As presented in Figure [2](#mds27695-fig-0002){ref-type="fig"}B,C on day 31 postvector, the first day immediately following the 1‐week levodopa‐free drug holiday, LID severity in rAAV‐CaV1.3‐shRNA rats was significantly reduced compared with that seen in the control rAAV‐Scr‐shRNA group that predictably maintained a sustained high level of LID severity from the prevector through the entire postvector time frame (day 31, *F* = 135.7, *P* \< 0.0001; post hoc Dunn\'s test *P* = 0.0009; Fig. [2](#mds27695-fig-0002){ref-type="fig"}B; *F* = 97.2, *P* \< 0.0001; post hoc Dunn\'s test *P* ≤ 0.0094; Fig. [2](#mds27695-fig-0002){ref-type="fig"}C). The benefit from this first drug holiday for rAAV‐CaV1.3 rats was sustained over the next 2 weeks (Fig. [2](#mds27695-fig-0002){ref-type="fig"}B,C, day 31 through day 40); however, there was no further diminution of LIDs with continued daily high‐dose levodopa. Given this plateau of response together with the apparent benefit of the first drug holiday, we employed a second 1‐week drug holiday to determine whether further enhancement of LID reversal was possible. However, there was no further dampening of LID severity for the rAAV‐CaV1.3 vector group after a second 1‐week drug holiday when levodopa was maintained at this high dose of 12 mg/kg (day 40 vs day 46, *P* \> 0.999).

Quantification of TH‐positive SN neuron loss in the lesioned hemisphere of all rats revealed nearly identical levels of unilateral lesioning between CaV and Scr groups (CaV, 99.1% ± 0.3%; Scr, 98.4% ± 0.6%; cell loss compared with the intact side, *P* = 0.9394 Mann‐Whitney).

Striatal CaV1.3 Silencing Does Not Interfere With Levodopa Motor Response {#mds27695-sec-0020}
-------------------------------------------------------------------------

Quantification of exploratory rearing and contralateral rotational behavior using a modified cylinder test revealed no significant difference in either behavior under baseline drug‐free (pre‐LD) conditions (2‐way ANOVA with post hoc Sidak\'s multiple‐comparisons test; rearing, *P* = 0.8503 for LID prevention, *P* = 0.9999 for LID reversibility; rotations, *P* = 0.9984 for LID prevention, *P* = 0.9999 for LID reversibility). However, following low‐dose levodopa (6 mg/kg), rAAV‐CaV1.3‐shRNA‐ but not control rAAV‐Scr‐shRNA‐treated rats showed a significant increase in both exploratory rearing and rotational behavior compared with baseline levels (Fig. [3](#mds27695-fig-0003){ref-type="fig"} contains detailed statistics), suggesting that knockdown of CaV1.3 channels in the DA‐depleted striatum may enhance motor response to levodopa. Additional evidence demonstrating that motor effects of levodopa are readily apparent and not impaired by gene‐level CaV1.3 silencing can be seen in the accompanying videos ([Supplemental Fig. 1](#mds27695-supitem-0001){ref-type="supplementary-material"}).

mRNA Knockdown, Specificity of Knockdown, and Transduction Spread {#mds27695-sec-0021}
-----------------------------------------------------------------

ISH analyses using probes generated against *CaV1.3* (*Cacna1d*) and *CaV1.2* (*Cacna1c*) mRNA revealed that our rAAV‐CaV1.3‐shRNA vector resulted in an average 84.77% reduction in *CaV1.3* mRNA in the GFP‐transduced region of the striatum compared with that seen with rAAV‐Scr‐shRNA (Fig. [4](#mds27695-fig-0004){ref-type="fig"}A,C). A similar degree of CaV1.3 protein knockdown was found (87.3%; Fig. [4](#mds27695-fig-0004){ref-type="fig"}Cii). The range of mRNA silencing was 43.6% to 99.1% (Fig. [4](#mds27695-fig-0004){ref-type="fig"}D). However, there was no significant correlation of degree of *CaV1.3* silencing with final LID severity scores (Spearman correlation, *r* = 0.0886, 2‐tailed *P* = 0.4116), suggesting that even partial silencing of overactive CaV1.3 channels in the parkinsonian striatum is capable of completely preventing LID induction. Importantly, in contrast to an 84.77% knockdown of *CaV1.3* mRNA, we detected no significant change in *CaV1.2* mRNA (Fig. [4](#mds27695-fig-0004){ref-type="fig"}Ciii), demonstrating the specificity of our genetic approach.

![CaV silencing and vector distribution. (Ai) Representative section with GFP immunohistochemistry (IHC) demonstrating the striatal targeting and spread of vector. (Aii) Higher‐magnification image of that seen in Ai showing that the GFP that is expressed in the cortex is expressed exclusively in neuritic fibers. (Aiii) CaV1.3 ISH in the same region as Aii, demonstrating that despite neuritic GFP expression in this region in a subject injected with rAAV‐CaV1.3‐shRNA, there is no impact on cellular CaV1.3 mRNA. (Aiv) Striatal transduction volume. **(**Av) Estimate of NeuN‐positive cells within the striatum of vector‐ and noninjected striatum. Statistics: 1‐way ANOVA with post hoc Tukey\'s test. (B) CaV1.3 mRNA expression and protein levels. (Bi) RNAscope in situ hybridization (ISH) showing relative levels of striatal CaV1.3 mRNA expression. (Bii) Dual**‐**label immunohistochemistry (IHC) for GFP and CaV1.3. (C) Densitometric analysis of CaV1.3 ISH and IHC. (Ci) CaV1.3 ISH, (Cii) CaV1.3 IHC, and (Ciii) CaV1.2 ISH using ImageJ software in the region of the striatum stained positive for GFP IHC in rAAV‐CaV1.3‐shRNA rats compared with rAAV‐Scr‐shRNA rats; (i) CaV1.3: unpaired *t* test; (ii) Mann‐Whitney *U*; (iii) CaV1.2: 1‐way ANOVA. (D) Nonparametric Spearman correlation analysis of LID severity score for day 10 18 mg/kg versus % inhibition of CaV1.3 mRNA. The dashed line indicates the maximal LID observed in the rAAV‐CaV1.3‐shRNA rats shown in this graph. Str, striatum. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MDS-34-697-g004){#mds27695-fig-0004}

There was no difference in the volume of striatal transduction in rAAV‐CaV1.3‐shRNA rats between the LID prevention and LID reversibility studies, nor between these 2 studies in rats injected with rAAV‐Scr‐shRNA (Kruskal‐Wallis, post hoc Dunn\'s multiple comparisons: *P* \> 0.999; Fig. [4](#mds27695-fig-0004){ref-type="fig"}Aii). Although not of functional significance, there was less volume of the striatum transduced from the inert control rAAV‐Scr‐shRNA vector compared with the rAAV‐CaV1.3‐shRNA in rats in the LID prevention study (*P* = 0.0056; Fig. [4](#mds27695-fig-0004){ref-type="fig"}Aii). We found no evidence of toxicity related to our vectors, as demonstrated by equal numbers of NeuN‐positive cells in intact versus vector‐injected striatum regardless of the vector (ANOVA *P* = 0.182, *F* = 1.920; Fig. [4](#mds27695-fig-0004){ref-type="fig"}Aiii).

As depicted in Figure [4](#mds27695-fig-0004){ref-type="fig"}A, GFP expression was prominent in the target region of the striatum, but could also be seen as a result of retrograde transduction to striatal input areas including various cortical regions. In some but not all animals sparse and highly variable patterns of GFP+ fibers were also noted in the globus pallidus, medial and/or lateral geniculate nuclei, and thalamic and/or hypothalamic regions. Despite the variable presence of extrastriatal GFP‐immunoreactive fibers, little GFP was observed in cell bodies (eg, Fig. [4](#mds27695-fig-0004){ref-type="fig"}Aii). Visual examination of *CaV1.3* ISH in these extrastriatal regions confirmed that despite some transduction, there was no apparent reduction in cellular CaV1.3 mRNA levels (Fig. [4](#mds27695-fig-0004){ref-type="fig"}Aiii). Our findings are in agreement with the relatively low retrograde transduction efficacy seen with wild‐type AAV capsids.[35](#mds27695-bib-0035){ref-type="ref"}, [36](#mds27695-bib-0036){ref-type="ref"} Although involvement of CaV1.3 silencing in extrastriatal regions cannot definitively be ruled out as a contributing factor to the LID prevention/amelioration in the current studies, the highly variable nature of its expression in such regions, in the face of uniform LID reduction suggests that extrastriatal CaV1.3 silencing is not the principal mechanism of LID suppression.

Discussion {#mds27695-sec-0022}
==========

The current genetic‐based studies, developed to provide high‐potency striatal CaV1.3 channel silencing, were derived from a set of exploratory preclinical studies aimed at demonstrating the novel application of common US Food and Drug Administration‐approved antihypertensive dihydropyridine (DHP) drugs for a new therapeutic application in PD, specifically prevention and/or reversal of LIDs.[9](#mds27695-bib-0009){ref-type="ref"}, [14](#mds27695-bib-0014){ref-type="ref"} Indeed, although initial studies provided evidence that pharmacological antagonism of CaV1.3 channels could dampen LID in parkinsonian rats, the efficacy of these DHP drugs (ie, isradipine and nimodipine) was partial and transient.

Supported by existing data, which includes evidence that CaV1.3 channels are incompletely inhibited even by high concentrations of current DHP drugs,[15](#mds27695-bib-0015){ref-type="ref"}, [37](#mds27695-bib-0037){ref-type="ref"} we hypothesized that if other methods to block CaV1.3 channels were available, this target would provide an optimal anti‐LID response. The current study has confirmed this to be true. Using the approach of continuous, high‐potency, target‐specific genetic silencing of striatal CaV1.3 calcium channels with rAAV‐CaV1.3‐shRNA, we have demonstrated that mRNA‐level silencing can provide potent, uniform, and long‐term (\>2 months) prevention of LIDs, even with extreme doses of daily levodopa. In addition, this approach was capable of reversing preexisting severe LIDs, which was not possible with pharmacological CaV silencing.[14](#mds27695-bib-0014){ref-type="ref"} Importantly, motor benefit from levodopa was maintained with the knockdown of CaV1.3. We contend that these findings provide some of the strongest preclinical data to date demonstrating the amelioration of LIDs without compromise of motor benefit.

LID Reversibility and Clinical Relevance {#mds27695-sec-0023}
----------------------------------------

It is perhaps most compelling, and surprising, based on the presumed mechanism of LID prevention being the prevention of PD‐associated spine changes, that the approach of CaV1.3 silencing employed in these studies could significantly *reverse* severe LID behavior in parkinsonian rats. Although we observed that this method was capable of significant reversal of severe LID behavior associated with high‐dose levodopa, the effect was nonetheless incomplete. In addition, our experimental design in these proof‐of‐principle studies included a short‐term withdrawal of levodopa that coincided with a significant reduction of LIDs in rAAV‐CaV1.3‐shRNA rats when high‐dose (12 mg/kg) treatment was reintroduced, which contrasted with maintenance of severe LIDs in rAAV‐Scr‐shRNA control rats. It is unclear whether levodopa withdrawal at this early point after vector surgery (ie, days 26‐30 postvector) was necessary for this significant amelioration of LIDs. Because there was no additional benefit with a second drug withdrawal, it could be suggested that short‐term drug withdrawal in the presence of CaV1.3 silencing may not enhance or be necessary for LID amelioration. The mechanism(s) by which reduction in CaV1.3 expression can significantly dampen existing severe LIDs, whether or not a short drug withdrawal is indicated, remains to be determined.

Although beyond the scope of this report to detail such potential mechanisms, it is clear that there are adaptations in MSNs unrelated to dendritic spine density that may impact LID in the presence of CaV1.3 silencing. Specifically, these channels are linked directly to signaling cascades that not only impact, for example, long‐term alterations in synaptic strength and short‐term dendritic excitability, but also impact synaptic function through selective signaling to the nucleus altering transcriptional activity (eg, references [3](#mds27695-bib-0003){ref-type="ref"}, [38](#mds27695-bib-0038){ref-type="ref"}, [39](#mds27695-bib-0039){ref-type="ref"}, [40](#mds27695-bib-0040){ref-type="ref"}). The loss of DA tone (specifically D2 receptor tone) after DA depletion disinhibits CaV1.3 channels, leading to structural (eg, spine retraction, synaptic pruning) and functional adaptations.[3](#mds27695-bib-0003){ref-type="ref"} Accordingly, it is reasonable to suggest that silencing dysfunctional CaV1.3 channel activity in the parkinsonian striatum may ameliorate LIDs through functional adaptations distinct from altered dendritic spine density per se.

Despite the current studies demonstrating that the antidyskinetic potency of CaV1.3 channel silencing is most robust in a prevention paradigm, the ability to *reverse* LIDs holds more immediate clinical relevance. Specifically, it is unlikely that any gene therapy approach prior to induction of LIDs would be considered despite the current statistics of its occurrence in up to 90% of patients over the lifetime of the disease.[1](#mds27695-bib-0001){ref-type="ref"}, [2](#mds27695-bib-0002){ref-type="ref"} Accordingly, we posit that future studies are warranted to extend an understanding of the capacity, limitations, and mechanism(s) of striatal CaV1.3 silencing to reverse a behavioral phenomenon that is often considered steadfast. Such studies should be directed not only at understanding mechanisms of action but also the necessity of drug withdrawal and the relationship of levodopa dose and/or LID severity with the ability to maximally reverse this aberrant behavior. Indeed, it could be anticipated that if gene therapy were undertaken when LID severity and/or levodopa dose were low (eg, early in the disease), complete reversal and stable suppression of LIDs could be achieved. This idea is supported by our LID prevention studies demonstrating that once expression of the CaV1.3 channel and LIDs are maximally suppressed, the underlying mechanism(s) allowing for this near‐complete amelioration is maintained despite the escalation of levodopa doses to very high levels.

Beyond LID Prevention and Future Directions {#mds27695-sec-0024}
-------------------------------------------

Although we interpret our motor behavior findings with due prudence, they appear to suggest that knockdown of CaV1.3 channels in the DA‐depleted striatum does not impede and may benefit motor response to levodopa. Indeed, when a "subtherapeutic" dose of levodopa was administered to our severely parkinsonian rats, only those with CaV1.3 silencing showed a significant motor response. The undeniable maintenance of the motor effect of levodopa is clearly evident in the videos of the rAAV‐CaV1.3‐shRNA‐expressing rats ([Supplemental Fig. 1](#mds27695-supitem-0001){ref-type="supplementary-material"}). Although our current findings in the rat model of PD are highly encouraging, the approach of high potency, target‐selective silencing of CaV1.3 channels on LIDs and motor response to DA agonists needs to be validated in other models of PD including nonhuman primates.

A common debate about preclinical models of LID is that because rats require significant DA depletion and because in rodent and NHP models LIDs develop more rapidly than in patients, these models do not reflect PD. However, it is often underappreciated that regardless of species, near‐complete loss of striatal DA innervation is generally required for LIDs to manifest (eg, references [10](#mds27695-bib-0010){ref-type="ref"}, [32](#mds27695-bib-0032){ref-type="ref"}, [41](#mds27695-bib-0041){ref-type="ref"}, [42](#mds27695-bib-0042){ref-type="ref"}, [43](#mds27695-bib-0043){ref-type="ref"}). Indeed, as reported by Kordower and colleagues,[44](#mds27695-bib-0044){ref-type="ref"} near‐complete loss of striatal DA innervation occurs during the first 3‐5 years following a PD diagnosis, a time frame that correlates well with onset of LIDs in patients.[1](#mds27695-bib-0001){ref-type="ref"}, [2](#mds27695-bib-0002){ref-type="ref"} Future studies aimed at understanding the mechanisms of this therapy, especially in the reversal paradigm, and whether the direct versus indirect pathway of MSN silencing has similar efficacy, as well as its impact on neurophysiological and molecular indices of LIDs, are warranted to allow a more complete understanding of the safety and efficacy of this approach in PD.

Summary {#mds27695-sec-0025}
-------

Gene therapy‐mediated silencing of striatal CaV1.3 expression provides some of the most profound antidyskinetic benefit reported to date. The spatial control achieved with a gene therapy approach importantly circumvents potential off‐target side effects, whose relevance to DHP drugs could include cardiovascular, learning and memory, and neuroendocrine effects.[45](#mds27695-bib-0045){ref-type="ref"}, [46](#mds27695-bib-0046){ref-type="ref"}, [47](#mds27695-bib-0047){ref-type="ref"}, [48](#mds27695-bib-0048){ref-type="ref"} If the current findings can be translated into a clinical application with a similar magnitude, this would provide a much‐needed breakthrough in the treatment of individuals with PD and has the potential to allow the most powerful antiparkinsonian therapy identified (ie, levodopa) to work unabated through the duration of the disease.
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###### 

**SUPPLEMENT (VIDEO) FIG. 1** In the first representative parkinsonian rat, which received the rAAV‐Scr‐shRNA vector, 50 minutes after a 12‐mg/kg dose of levodopa, there is an abundance of tight rotational behavior intermixed with LID behavioral profiles including orolingual behaviors (ie, licking and chewing, tongue protrusion), severe hindlimb extension/dystonia, forelimb dystonia and hyperkinetic movements, and severe trunk and neck dystonia. In contrast, as shown in 2 representative rats that had received the rAAV‐CaV1.3‐shRNA vector, at this same dose and a time 50 minutes postlevodopa, there is [no]{.smallcaps} evidence of the prototypical LID behaviors readily displayed in parkinsonian rats treated with our control vector. In the first rAAV‐CaV1.3‐shRNA rat, this parkinsonian subject displays motor activation that includes continuous sniffing and exploring, left and right forepaw tapping, digging at the litter, and 1 incident of a wet‐dog shake. It is evident that this rat has a unilateral nigral lesion, in that it walks only clockwise around the perimeter of the cage, but does not display typical tight rotational behavior seen in the rAAV‐Scr‐shRNA rats. The second rAAV‐CaV1.3‐shRNA rat shows sniffing and exploring, mild tapping and pushing at the litter, and again walking only clockwise in the cage. These motor activation behaviors start at approximately 20 minutes and continue until approximately 140‐170 minutes after the levodopa injection, a time course similar to that seen for LID behaviors.

###### 

Click here for additional data file.

###### 

[note:]{.smallcaps} As presented in the Methods section, in the outbred SD rat strain there is a small subset (15%‐20%) of these rats that despite having an equal degree of striatal DA depletion and levodopa treatment remain resistant to LID expression. Their behavior is very different from the LID‐negative rAAV‐CaV1.3‐shRNA rats that show what could be suggested to be enhanced motor efficacy to levodopa. Specifically, the 15%‐20% of *control* (non‐vector injected) rats that remain LID negative generally show mild activation including sniffing and exploring, most likely in response to the injection per se, which lasts approximately 5‐10 minutes, after which they fall asleep in the corner of the cage for the remainder of the rating period.

###### 

Click here for additional data file.
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